In this work three-dimensional potential energy surfaces of the first five singlet states of OHF are developed based on fits of more than 10000 highly accurate ab initio points. An approximate treatment is presented for the calculation of the anisotropy parameter describing the electron angular distribution photodetached from a molecular anion. This method is used to calculate the angle-resolved photoelectron spectra in the photodetachment of OHF − . The wave packet formed in the neutral OHF system is placed at the transition state region, and yields the formation of OH+F and HF+O products. The results are compared with the recent experimental measurements published by Neumark( Phys. Chem. Chem. Phys. 7, 433 (2005)). The intensity found at low electron kinetic energy including these 5 states and the three lower triplet states is found to be low. To analyze the effect of higher electronic states more excited 1 Σ − , 3 Σ + and 3 ∆ states are calculated at collinear geometry. The agreement with the experimental data improves, thus demonstrating that the correct simulation of the photodetachment spectrum at 213 nm involves at least 12 electronic states. All the structures of the experimental spectra are semiquantitatively reproduced finding an overall good agreement. It is concluded that the main problem of the simulation is in the intensity and anisotropy parameters. An alternative to their calculation would be to fit their values to reproduce the experimental results, but this would require to separate the contribution arising from different final electronic states. 0 1
I. INTRODUCTION
Chemical reactions involve a drastic change in the electronic structure from reactants to products. The adiabatic potential energy surfaces (PES's) involved can be viewed as resulting from the diagonalization of a Hamiltonian matrix represented in a crude basis of "diabatic" states correlating to the asymptotic states of reactants and products, and their mutual crossings create barriers along the minimum energy paths (MEP). Such singular regions, or transition states (TS's), act as bottlenecks for the reaction, determining mechanisms and many of the properties of the measured quantities.
The nature of the reactive TS were first studied in molecular beam studies [1] under single collision conditions, studying the effect of pre-and post-collision variables such as quantum state specification, angular and rotational polarization. Very valuable information of the TS was indirectly obtained with the help of theoretical dynamical simulations and ab initio calculations of the intermolecular potential, giving rise, for example, to the so called Polanyi rules [2] [3] [4] .
Several spectroscopic techniques have been developed to obtain more direct information about the structure and dynamics at the TS, giving rise to the so called Transition State Spectroscopy (TSS) [5] [6] [7] . Recently,the development of ultrafast lasers also allows probing of the dynamics in real time [8, 9] , and if the pulse is properly designed it may be used to control the outcome of the reaction [10, 11] . Moreover, some promising new directions in the field of TSS fill the gap between gas and condensed phases, through the study of solvation effects in mass selected clusters [7, [12] [13] [14] or heterogeneous chemistry on metal surfaces [15] .
In these spectroscopic studies, the TS is reached via photon excitation from a specific precursor, usually a van der Waals complex between the two reactants [7, [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] or a stable negative ion [6, [28] [29] [30] [31] [32] [33] . Using van der Waals complexes as precursors, one alternative developed by Wittig and coworkers [7, 26, 27] consists in photodissociating one of the reactants ejecting one fragment towards the second partner at restricted geometry conditions, imposed by the structure of the initial van der Waals precursor. In a second possibility, one of the partners within the complex is promoted to excited electronic states where the reaction takes place, as first done by Soep and co-workers [16] [17] [18] [19] [20] , and lately applied by Polanyi and co-workers [21] [22] [23] and González-Ureña and co-workers [24, 25] . These complexes are typically formed by a halide molecule (RX) and a metal atom (M), which acts as chromophore. In the case of complexes of alkali atoms, the measured electronic spectra have been well reproduced by theoretical simulations [34] [35] [36] . Reaction dynamics involve non-adiabatic transitions towards the ground electronic state, as recently simulated for Li-HF [37] , and product detection in the ground state is complicated. In complexes containing alkali-earth atoms, however, the MX products are electronically excited and are more easily detected because they fluoresce. Nevertheless, the higher number of excited states and their complicated sequence of curve crossings appearing in this last case, makes their theoretical simulation very difficult.
On the other hand, TSS studies from an anion as a precursor are feasible if it is stable and its equilibrium geometry is similar to the TS of the neutral system of interest. Thus very interesting information about the TS on the ground electronic state and some dynamical resonances linked to it (otherwise very elusive to detect), has been obtained from photoelectron detachment spectra for many benchmark reactions such as OH+H 2 and F+H 2 , recently reviewed [38] . Reactions involving open shell reactants and products are particularly interesting because they are very common in atmospheric and interstellar chemistry. The presence of several electronic states, crossing along the reaction path with significant non-adiabatic effects, complicates the interpretation of the results: the selection rules involved in electric dipole transitions, angular distributions and rotational polarization of products make of TSS studies a source of data to unravel the dynamics. This is the situation of the O( 3 P, 1 D)+HF( 1 Σ + )→ OH( 2 Π)+ F( 2 P ) reaction, whose MEP for some of the states involved are shown in Fig.1 for collinear geometries. This reaction can be considered a model system of the more general reactions involving halogen atoms that play an important role in the catalytic ozone destruction cycle [39] . The reaction involving chlorine atoms has been the most widely studied [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] , typically in single Adiabatic Potential Energy Surfaces (APES).
Experimental information about OHF was obtained in the photoelectron detachment spectroscopic studies performed by Neumark and co-workers [51] . In these experiments the OHF − anion, of linear equilibrium configuration, is excited by detaching an electron, and several electronic states of the neutral OHF system are reached in the region of the TS. For this reason several theoretical simulations [51, 52] restricted to collinear OHF geometries and the ground electronic state were performed.
Later, three-dimensional PES's for the ground triplet 1 3 A ′′ state [53] and two first excited triplet states, 2 3 A ′′ and 1 3 A ′ , were obtained [54] . The simulated photodetachment spectra [55] , obtained using these three three-dimensional APES's of the lower triplet states, and four two-dimensional PES's for singlet states, reproduced qualitatively rather well all the structures of the experimental photoelectron detachment spectrum [51] .
The exploration of non-adiabatic mechanisms has become accessible by two new sets of photodetachment spectroscopy experiments, which allow the probing of conical intersections as has already been reported for other systems [56] [57] [58] . In one case, Neumark published [38] the photoelectron spectra recorded some years before [59] at two angles with respect to the polarization vector of the incident light. The analysis of these data can help to separate the contribution arising from different electronic states, as will be treated in detail in the present work. Moreover, since the initial wave packet is sitting on the top of the two conical intersections [60] , these spectra provide direct spectroscopic data about the region of the crossings. Second, Continetti and co-workers [61, 62] have detected in coincidence the electron and neutral fragments. Since the formation of products requires that the wave packet passes through the conical intersections, such kind of experiments would provide information about non-adiabatic transitions induced by conical intersections in the reaction dynamics.
In addition, the reaction cross section simulated for the OH+F collision on the excited adiabatic triplet states was found to be too low [54] . Thus, with only the ground triplet state contributing to the reaction the simulated rate constant is too small with respect to the experimental one [63] .
This could be attributed to inaccuracies of the APES's. However, the high quality of the ab initio calculations and the accuracy of the fits indicates that this is probably not the only reason for the disagreement.
Very recently, new coupled diabatic potential energy surfaces have been proposed to describe the first three triplet states and to account for the non-adiabatic effects. The angle-resolved photoelectron spectra were simulated, finding rather good agreement with the experimental data reported by Neumark [38] at 213 nm and high electron kinetic energy. For low kinetic energy, however, it is necessary to include the singlet states as shown in a collinear geometry in previous studies [55] .
In this work the three-dimensional PES of the first five singlet states of OHF are calculated,
The angle-resolved photoelectron spectra simulated using a wave packet treatment are described in section III. Finally some conclusions are extracted in section IV.
II. AB INITIO THREE-DIMENSIONAL POTENTIAL ENERGY SURFACES.
The total disocciation limit of these five electronic singlet states corresponds to After the SA-CASSCF calculation, internally contracted multireference configuration interaction (icMRCI) calculations [69, 70] were performed. Finally, the Davidson correction (+Q) [71] was applied to the final energies in order to approximately account for unlinked cluster effects of higher excitations.
A. Triatomic ab initio calculations
Internal coordinates r HF , r OH and OHF bond angle (θ) are used in all the ab initio calculations. 
B. Global Potential Energy Surfaces
The icMRCI+Q energies for the five singlet electronic states have been fitted using the procedure developed in refs. [78, 79] . A many-body expansion
is used to represent the PES.
Each two-body potential is written as a sum of short-and long-range terms, V
where the c i (i = 0, ..., L) are linear fitting parameters, and α and β
(N )
AB (with N = 2) are nonlinear fitting parameters. The variables ρ AB are modified Rydberg functions that depend on the internuclear distances and tend to zero when the corresponding distance goes to zero or to infinity.
In all the electronic states considered, the root mean square (rms) errors of the fitted diatomic po- The three body term is expressed as the expansion:
in the same type of Rydberg functions as above with N = 3. The linear parameters d ijk (i+j +k ≤ K) and the three nonlinear parameters β
AC and β
BC are determined by fitting to the last equation the corresponding calculated ab initio energies for every state after subtraction of the total two body contributions. The overall root mean square errors of the fitted PES's is always below 43 meV (≈ 1 kcal/mol). In general, the maximum errors (E max ) in the fit of the surfaces are located in repulsive regions, being the highest error of 41 meV for the 1 1 A ′′ potential energy surface.
C. Topological characteristics
Information about the main topological characteristics of the 5 surfaces is obtained visualizing their three-dimensional MEP, in Fig.2 . They were obtained following the gradient extremal path [80, 81] as a function of the arc length, s, defined as the sum of the displacements ds between two consecutive points of the surface in terms of the three internuclear distances [81] . By convention, we take ds positive from the saddle point toward the O + HF channel and negative toward the OH + F channel. Therefore, s = 0 corresponds to the saddle point for each PES.
In each surface, geometry optimization of the stationary points has been performed for the analytical fits as well as for the ab initio calculations. In addition, to check the accuracy of the fits, a normal mode analysis has also been performed in the neighborhood of all fitted and calculated stationary points. Normal modes are denoted as (v, n, b) and, in most of the cases, can be approximately assigned to the OH (v) and HF (n) stretching and O-H-F (b) bending motions. In a few cases, this assignment is not so clear. Geometries, energies and harmonic frequencies of the fitted surfaces are given in Table II for the five states, where M1, M2 and T S denote a well in the F+OH region, a well in the O+HF region and the TS, respectively. In some cases, frequencies are not presented due to some convergence problems in the calculation of the second derivatives.
The agreement between fitted and ab initio values, shown in Table II , is very good. The most interesting characteristics of all the surfaces are discussed below.
The most noticeable feature, as shown in Fig. 2 , is the very deep well (M1) presented in the ground 1 1 A ′ state and located in the F+OH region, that corresponds to the most stable geometry of the system. It has an energy of ≈ 2.1 eV below the F+OH channel. Experimental information of this well is available. This well, corresponding to the insertion of the oxygen atom, is a general feature of the HOX (X=halogen) systems. It presents a bent geometry (see Table II . These results are also very close to those obtained by Ramachandran et al [77] using a AVTZ basis set and a CCSD(T) method: 3746, 1390 and 915 cm −1 . Also, this PES has been used recently for describing the O( 1 D)+HF reactive collision leading to results in rather good agreement with the currently available experimental data [83] .
The ground 1 1 A ′ state presents a second minimum, much shallower than the previous one. It is located in the O+HF region with a r HF distance of 1.7637 a.u., very close to the value of the free molecule, and a much longer r OH distance. It has also a bent equilibrium structure. In this case, ω n ≈ 4000 cm −1 , corresponding to the HF stretching, approaches to the vibrational frequency of the free diatom. It has an energy of ≈ 0.300 eV above the F+OH limit, as can be seen in the Fig.   2 .
The TS of this surface has a bent geometry with the r OH bond distance much longer than the r HF one and an energy of 0.375 eV above the F+OH channel. A normal mode analysis gives an imaginary frequency (ω v ≈ 600i cm −1 ) that corresponds to the OH elongation. The inclusion of the zero point energies at the stationary points along the MEP from O(
gives an effective "barrier" to reaction of −0.144 eV, i.e., there is no energy threshold to reaction, as can be seen in the Table II .
In contrast to the ground 1 On the other hand, the ground 1 1 A ′′ state presents two wells at both sides of the saddle point, one in the OH+F entrance channel and the other one in the HF+O exit channel, as can also be seen in the Fig. 2 . Both wells have a collinear geometry. Their geometries and frequencies are given in Table II . However, its TS has a bent geometry and it is placed ≈ 1 eV above the F+OH channel.
The imaginary frequency corresponds to the OH stretching.
In the last place, the 2 1 A ′′ excited state has a collinear global MEP. It just presents a shallow well in the F+OH region. Note in Fig. 2 that the MEP's of this state and the 2 1 A ′ state are degenerate, since both are collinear and they correlate with a doubly-degenerate state,
in this adiabatic approach (see Fig. 1 ). As found for the triplet surfaces reported in previous papers [53, 54] , the singlet surfaces also cross each other several times along the MEP, as displayed in the top panel of Fig. 1 . It is well-known that these conical intersections will affect dramatically to the dynamical behaviour either in photoinitiated processes or collisional events. However, these crossings are not well-reproduced with the procedure used to fit the surfaces. Fig. 4 Fig. 2 . The same behaviour was found for the triplet surfaces. In order to solve it, an energy-based method of diabatization has been recently proposed [60] for the three lowest triplet surfaces. Three-dimensional coupled diabatic energy surfaces have been obtained using an interpolation procedure describing correctly the typical cusps at crossings.
III. PHOTODETACHMENT SIMULATION
After the electron photodetachment of an anion, the neutral molecular fragment is produced in one or several electronic states. In some cases, an unstable region of the PES is reached, so that the neutral system dissociates. When the equilibrium geometry of the parent anion is close to the TS region, the initial wave packet evolves towards reactants and products. This is the situation of the system under study for which the processes involved can be summarized as
where there are open shell species in the two rearrangement channels. It is therefore necessary to include most of the electronic states of OHF correlating with those of the products.
The complexity of such fragmentation process makes impossible an exact simulation with currently available methods. The most common approximation [6, 28, 84] considers the separation of the fast ionization process from the subsequent, and relatively slower, reaction dynamics of the neutral fragments. The total wave function, for a total energy E describing the electron ejected along the direction k (with a kinetic energy ǫ = k 2 /2m e ) and the neutral fragments in a final state (characterized by a collection of quantum numbers denoted by α), is written as
where collective quantum numbers are defined as F ≡ N, µ and f ≡ Λ, Ω N . N is the total angular momentum of the neutral fragments described by Wigner rotation matrices [85 
(with projections µ and Ω N on the space-fixed and body-fixed frames respectively,Q being the three Eulerian angles relating the two frames)and Φ N f α f ′ (Q) are functions depending on the internal nuclear degrees of freedom Q. Λ denotes a particular |Λ ′ ; k electronic function, which is expanded in partial waves as [86] [87] [88] [89] 
where ℓ, m, λ denotes the angular momentum of the photoelectron and its projections along the space and molecular fixed z-axes. |Λ ′ ; ϕ ǫℓλ is the total electronic function, constructed from the OHF electronic function, |Λ ′ , and the continuum wave function of the ejected electron, ϕ ǫℓλ .
Finally, σ l (k) is the Coulomb phase shift and hereafter will be neglected because the interaction between the electron and the neutral fragment vanish at moderately short distances.
The initial bound state of the anion is expressed in the Born-Oppenheimer approximation as
where |Λ i is the electronic function of the anion, which in the equilibrium configuration is linear and is then characterized by the projection of the orbital angular momentum on the internuclear vector. Here, J i , M i , Ω i are the total angular momentum of the entire system and its projections on the space and body fixed axes, and f i ≡ K i , v i , Λ i (K i refers to a rotational sublevel and v i denotes the initial vibrational state of the anion).
The photoelectron angular distribution (PAD) following resonance-enhanced multiphoton ionization (REMPI) is a subject of current interest due to the recent development of experimental techniques [90] [91] [92] . Here, however, we shall consider the excitation by a single photon to produce the ionization. Considering a first order perturbative approximation for electric dipole transitions induced by photons of energy hν, the matrix elements between the initial and final wave functions are expressed as
with J = N+ ℓbeing the total angular momentum of the neutral system plus the ejected electron, with projection Ω on the body-fixed z-axis. e is the polarization vector of the incident photon with projection p along the space-fixed z-axis, and the reduced transition moments of the electric dipole operator are given by
Assuming linearly polarized photons (p=0) absorbed by a randomly oriented anion, the differential cross section, for neutral products in the Nf α final state and the electron ejected in thê k ≡ (Θ, φ) direction with energy ǫ, is given by [93] [94] [95] 
It does not depend on the azimuthal angle because of the cylindric symmetry and the dependence on Θ presents the typical second order Legendre polynomial distribution, governed by the anisotropy parameter, β Jif i ,N f α (hν, ǫ), while the dependence on the electron kinetic energy is essentially in the partial cross section term, σ Jif i ,N f α (hν, ǫ). These two quantities take the form
These expressions can be further simplified if some approximations are considered in the reduced matrix elements of Eq.(5), namely: 2. The Λ ′ ; ϕ ǫℓλ |d q |Λ i electric dipole moment, in Eq. (5 ), are evaluated at the equilibrium nuclear configuration and considered to be independent on Q.
With these two approximations, the total cross section, in Eq.(7.a) can be separated in two parts as
with T J i f i ,N f depending on the electronic part, including the selection rules for rotational transitions,
with Ω = Ω N + λ and q = Ω N + λ − Ω i . The second part, S J i f i ,N f α , only depends on the nuclear part, taking the form
Analogously, the anisotropy parameter also simplifies, depending only on the electronic and rotational part as
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In this approximation, either T J i f i ,N f or β Jif i ,N f depend on the final state of the neutral products. Thus the total differential cross section is written as in Eq.(6) as
where S Jif i ,N f (hν, ǫ) is the total cross section for a given rotational transition expressed as
A. Anisotropy factor
The calculation of the T J i f i ,N f and β Jif i ,N f parameters is performed with a variation of the independent electron approximation [88, 96] , based on a treatment previously developed for the evaluation of the electric dipole transition moments [55] . The electronic wave function of the OHF − anion and the OHF neutral system are expressed as a linear combination of configurations as
where the coefficients are calculated using a MRCI method with the MOLPRO package [64] at the linear equilibrium geometry. The configurations D i are represented by Slater determinants expressed in terms of the same molecular orbitals for OHF − and OHF. The two degenerate 2 Π states of OHF − correspond essentially to a single configuration
The electronic wave functions of the different states of OHF, however, present several configurations. Since OHF has one electron less than, the wave function of the OHF+1e system is formally built by including in each configuration an orbital, ϕ ǫℓλ , corresponding to the ejected electron. Thus, the configurations of the OHF+1e can be viewed as monoexcitations, biexcitations, etc, of the reference configurations describing OHF − ( 2 Π). In a crude approximation, an electron is detached by promoting it from an occupied orbital, λ i , of the OHF − ( 2 Π) state, towards a dissociative orbital, ϕ ǫℓ,λ , leaving the rest of the electrons in the same orbitals they were. Such direct excitations correspond to monoexcited configurations. After the first electron departs, the rest of electrons quickly reorder among different configurations, yielding to the different electronic states of OHF. Such reordering would change a second electron from one of the orbitals, thus yielding to a higher order excitations.
The electric dipole operator is monoelectronic. Its matrix elements between two configurations, D i and D j , differing in more than one orbital are zero [97] . This condition is expressed by introducing the delta function δ n ij exc ,1 , where n ij exc is 1 if the configuration of the OHF (with n) electrons is contained in that of OHF − (with n+1 electrons). Thus, the electric dipole moment between the total electronic wave functions is approximated by the mono-electronic matrix elements involving the initial molecular orbital of the anion, |λ i , and the final continuum orbital describing the ejected electron, |ϕ ǫℓ,λ , as
A second approximation used in this work consists in assuming a sudden approximation to avoid the calculation of the dissociative orbital, such that
where x denotes the radial electronic coordinate.
The configurations of the different electronic states of OHF were analyzed previously, as shown in Table I of Ref [55] , finding that the transitions involve the excitation from the following molecular orbitals: 
also involves smaller components from the 2π orbital which will be neglected for simplicity).
Since there is a single orbital for each final electronic state, the integral in Eq. (16) can be separated as a common factor. The sum over the coefficient products, in Eq. (16), has a similar weight for all the states considered, so that in the present case we will consider that
Therefore, the electric dipole moments between the initial and final electronic states only depends on the two molecular orbitals involved in the transition in these approximations. These two orbitals are shown in the top panels of Fig. 5 , and their decomposition in spherical waves, equivalent to the electronic integral of Eq. (18) are given in the corresponding bottom panels.
Finally, the T J i f i ,N f and β Jif i ,N f factors do not depend any longer on the final Λ states but only on λ i . They are calculated using Eqs. (9) and (11), and shown in Fig.6 , for J i =0. It can be seen that the major contribution arise for N=1, and that β Jif i ,N f presents a strong dependence on Ω N .
B. Cross section
The cross-section, S Jif i ,N f (hν, ǫ) in Eq. (13), determines how the differential cross section depends on the electron kinetic energy, and in a time-dependent treatment is calculated as
is the wave packet at time t, describing the reaction dynamics of the neutral OHF system, evolving in an electronic state |Λ of the neutral OHF system.
The initial wave packet Ψ J i f i ,N Ω N Λ (t = 0) corresponds to the initial rovibrational state of the anion, Ψ
in Eq. (3) . In the present case we consider J i =0 and N=1, with Ω N = 0 and 1.
The three dimensional PES used corresponds to the OHF − (X 2 A ′ ) previously reported [98] , and correlates with a 2 Π doubly degenerate state at collinear geometry. This PES for the anion is in very good agreement with recently published curves for the collinear geometry [99] . RennerTeller couplings are neglected, since the first excited 2 A ′′ state showed a small splitting of ≈ 300 cm −1 [98] . In the adiabatic representation chosen, with Λ = 0, the ground rovibrational level presents a dominant helicity for Ω i = 0, while those states with large Ω i = 0 contributions have a much larger energy.
For the singlet states studied here the main fragmentation channel is OH( 2 Π)+F( 2 P ), both of open-shell character. However, in an adiabatic description, Λ is not well defined and its value will be neglected, i.e. Λ = 0. The Λ value is only used to distinguish among them by their behaviour at collinear geometry. Thus, the usual Hamiltonian for triatomic systems in Jacobi coordinates is used here with: r, the OH internuclear vector, and R, the vector going from the OH center-ofmass to the F atom, with γ being the angle between them. A body-fixed frame is defined by three Eulerian angles (φ, θ, χ), with the three atoms in the x-z plane, and the z-axis pointing along the R vector.
The wave packet is then represented as[100-102]
where the angular functions are eigensolutions of the inversion operator of spatial coordinates (with eigenvalue i) and are defined as
are Wigner rotation matrices [85] and P jΩ ′ N are normalized associated Legendre functions [103] . s Λ is the parity of the electronic wave function under reflection through the x-z body-fixed plane.
The numerical details of the wave packet propagation are described in Refs. [98] and [55] . The 10 individual spectra considered (corresponding to the 5 singlet states whose PES were described above, and Ω N = 0 and 1), shown in Fig.7 , are obtained by Fourier transforming the autocorrelation function, Eq. (19) , and expressed in terms of the electron kinetic energy, ǫ. The conversion between the OHF energy, E OHF , and ǫ is obtained from the energy conservation condition as difference between these two cases is that while for 1 1 A ′′ recurrences appear at long times (and are washed out by the exponential function), for 1 1 A ′ recurrences appear at short dynamics giving rise to the resonant structures appearing in the spectra, as can be seen in Fig.7 .
The large differences between the results obtained for Ω N =0 and 1 (right and left panels of Fig.7 , respectively) were explained before for the three lower triplet states [60] . The initial wave packet created is expanded as a superposition of spherical harmonics, which behaves as Y jΩ (γ) ∝ sin Ω γ when γ → 0 or π. Thus, initial wave packets with Ω N = 1 components do not explore collinear configurations, while those with Ω N = 0 components do. This difference at collinear geometries explain the differences observed between left and right panels in Fig.7 .
C. Differential cross section
Once S Jif i ,N f (hν, ǫ), T J i f i ,N f and β Jif i ,N f are known, the total differential cross section can be evaluated using Eq. (12) . Assuming J i =0, it would be required to calculate S Jif i ,N f (hν, ǫ) for N=0,1,..,5 or 6, at which the intensity factor T J i f i ,N f becomes nearly zero, as it is seen in Also, for the triplet states we shall use the calculations of Ref. [60] . However, in that work a cruder axial recoil approximation was used to estimate β The spectra for singlet and triplets are simply added and the results are shown and compared with the experimental results obtained at 213 nm [38] in Fig.9 . All the structures are reasonably well-reproduced but the relative intensities obtained for Θ = π/2 are appreciably in disagreement with the experimental data. For, Θ=0 the agreement between the simulated and measured spectra is very good above 0.7 eV, but the intensity is too low at electron kinetic energies below this energy.
These failures in reproducing the relative intensities of the peaks are mainly attributed to, first, the crude approximations used to evaluate T J i f i ,N f and β Jif i ,N f and, second, to the contribution of higher energy states, specially at low electron kinetic energy. In fact, there are 4 more states correlating to the OH( 2 Π)+F( 2 P ) asymptote, that may contribute, as can be seen in Fig.1 
D. Sensitivity on T
The main approximations performed concerns how these two parameters are evaluated. The fact that they are separable from the S Jif i ,N f (hν, ǫ) cross sections is questionable, but perhaps the crudest approximation consists in considering that electronic integrals involved in T
and β Jif i ,N f only depends on the initial molecular orbital excited and not on the final electronic states, i.e. the sudden approximation expressed in Eqs. (18) and (17) . However, to go beyond this approximation, the calculation of the continuum functions of the ejected electron is required, depending or not on the rest of the electrons. This is far from the scope of this work.
In order to check how sensitive is the differential cross sections on these quantities here we shall simply modify the β J i f i ,N f values. We shall use β J i f i ,N f = −1 for Ω N = 0, and
for Ω N = 1, irrespective of the value of λ i and N, and the resulting spectra is shown in Fig.10 .
With this modification the narrow peak appearing at ≈0.8 eV and Θ = π/2 increases significantly.
This clearly demonstrates that the angle-resolved spectra are very sensitive to these two parameters
quantities.
An alternative would be to fit these parameters to the experimental values. For such purpose it would be convenient to have available data for some more angles. Moreover, the total spectra does not allow to separate the contribution from different final states, and hence produce non unique fits. For doing that the contribution from different groups of states need to be separated as, for example, detecting the neutral fragments in coincidence with the electrons [33, 61, 104] . In the present case, for example, the detection of O+HF products below the opening of the O( In order to analyze the contribution of the higher energy electronic states, a study for collinear geometry is described below, following the study performed in Ref. [55] . All the states shown in Fig.1 have been calculated at a collinear OHF geometry and the corresponding contour plots are shown in Fig.11 The spectra, in Fig.12 , are calculated using the same procedure used for the three-dimensional results, with the difference that the PES is considered to be isotropic, so that only j=0 solutions are included. The spectra for the excited states, clearly increases the intensity of the total spectrum at low electron kinetic energy. Therefore, the reason for the disagreement between simulated and experimental angle-resolved spectra is attributed to these not included states. analogy yields an overestimation of the peaks associated with the resonances appearing in Fig.7 .
However, since the Λ values are the same, the selection rules are analogous to those described previously. Thus, the angle-resolved spectra shown in Fig 
IV. CONCLUSIONS
In this work the three-dimensional potential energy surfaces of the first five singlet states of A simple approximation is presented for the calculation of angle-resolved photoelectron spectra, in which a geometry and anisotropy parameters are calculated independently from the calculation of the total cross section. This last term is calculated using a wave packet method. This method is applied to simulate the angle-resolved photoelectron spectra obtained in the photode-
A recently proposed adiabatic PES for the ground adiabatic level of the parent OHF − anion [98] is used, which at collinear geometry is a 2 Π, and the Renner-Teller effects have been neglected.
The ejected electron is assumed to be either σ and π, whose contributions were recently fitted [60] to reproduce the angle-resolved spectra [38] in the energy region corresponding to the triplets. In this work, the contribution of the first singlet states were calculated and added to the angle-resolved photoelectron spectra. It is found that the simulated intensity is relatively low for electron kinetic energy when compared with the experimental one obtained at the wavelength of 213 nm.
Higher energy states correlating to the OH( 2 Π)+F( 2 P ), as can be seen in Fig.1 , have been calculated at collinear geometry. The contribution of all the states at this restricted geometry have been considered, concluding that also the higher 1 Σ − , 3 Σ + and 3 ∆ states have a significant contribution to the low electron kinetic energy region of the spectra.
Since at a collinear geometry all the spectra calculated are very similar for the higher excited states, the contribution of the 1 Σ − , 3 Σ + and 3 ∆ states were included in the three dimensional simulation by considering that they are very similar to some of the five singlet states previously calculated. Thus the calculated angle-resolved photoelectron spectra simulated become much closer to the experimental one [38] , reproducing most of the structures.
The main disagreements are attributed to the approximation made to estimate the intensity and anisotropy parameters, 
